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Abstract

Solar cells based on conjugated polymers are extensively investigated during the last decade. A critical issue for this type of solar cells is the rather narrow absorption of the active layer. Since most of the available conjugated polymers were originally developed for visible-LEDs, they exhibit band gaps > 2 eV. One of the main problems in polymer:fullerene solar cells is the poor overlap between the solar spectrum and the absorption of the used materials. In order to increase the photon harvesting, low band gap polymers offer significant advantages. In this context, two new conjugated polymers, i.e. poly(octyl-thienylene vinylene) C8-PTV and poly(bis-octylphenyl-thienylene vinylene) BOP-PTV, have been synthesized. Power conversion efficiencies of 0.80% for BOP-PTV and 0.92% for C8-PTV are obtained.
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Figure 1. Chemical structures of a) poly(bis–octylphenyl-thienylene vinylene) BOP-PTV and b) poly(octyl-thienylene vinylene) C8-PTV.

Purpose of the visit
In the field of bulk heterojunction solar cells, over the past decade a lot of work has been done in the design, synthesis and use of low band gap (Eg < 2 eV) materials. There are two common strategies to further optimize the solar cell performance, both focusing on an adjustment of the energy levels either on the donor or on the acceptor side. The design of new n-type materials is of interest since raising the LUMO of the acceptor will directly result in a higher VOC without affecting the absorption of the cell. Alternatively, one can tailor the donor side, by developing novel p-type materials. Upon lowering the LUMO of the donor, and thus lowering the polymer band gap, the absorption is shifted towards lower energy, while maintaining a constant open-circuit voltage. In this way the photocurrent is improved, due to an enhanced overlap between the donor absorption and the solar spectrum. 
Hitherto, most of the research in the field of bulk heterojunction solar cells has been devoted to the optimization of cells based on poly(3-hexylthiophene) (P3HT) as the donor polymer combined with a soluble derivative of C60, (6,6)-phenyl-C61-butyric acid methyl ester (PCBM), as the electron acceptor. Improvements in device fabrication by thermal and solvent annealing have led to power-conversion efficiencies around 4%.1 Even the band gap of 1.9 eV for P3HT results in a reasonably poor overlap with the solar spectrum, since the absorbance is limited to wavelengths below 650 nm. From the solar spectrum under AM 1.5 conditions depicted in figure 2 it is clear that conjugated polymers with an even smaller band gap have a huge potential. 
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Figure 2. AM 1.5 spectrum, defined as the spectral photon flux on the earth’s surface under illumination of 45° (black), compared to the absorption profile of a MDMO-PPV : PCBM (1 : 4) film (red) and the absorption profile of a P3HT : PCBM (1 : 1) film (blue).12
For a maximum wavelength of 650 nm only 22.4% of the total amount of photons can be absorbed. Therefore it is not surprising, that in order to increase the photon harvesting there is a quest for new low band gap materials. From models it can be estimated that for a classical bulk heterojunction with a conjugated polymer as donor in combination with PCBM as the acceptor, a band gap of 1.4 eV for the donor material would be optimal. Since π-conjugated polymers allow endless manipulation of their chemical structure, tuning of the band gap of these materials is a research issue of ongoing interest. It is anticipated that this band gap engineering can give the polymer its desired electrical and optical properties. 

In order to circumvent the solubility problems of most unsubstituted conjugated polymers, several precursor routes have been introduced over the last decades.2-4 Two of these precursor routes were developed in our group, namely the sulphinyl5 and the dithiocarbamate6,7 precursor routes. These precursor routes involve the formation of an intermediate non-conjugated, soluble and thus processable, precursor polymer, which can be converted into the fully conjugated polymer after processing. Initially, many of these precursor routes were developped for poly(p-phenylene vinylene) and its derivatives, as a result of the discovery of electroluminescence for this type of polymers.8 However, they can be readily adapted for other conjugated polymers, such as the poly(thienylene vinylene)s (PTV) described in this report. PTVs have lower band gaps as compared to polythiophenes because of two effects. The first effect is a decrease in the overall aromatic character, allowing better π-electron delocalization due to less electron confinement. The second effect, which may play a role, is a potential limitation of the rotational disorder due to the presence of ethylene linkages of defined configuration. For PTV (17) a band gap of 1.7 eV13 is reported and various structural modifications of PTV led to materials with band gaps as low as 1.2 eV.14 
Previous studies have shown that unsubstituted PTV is a suitable low band gap donor material for polymer:fullerene solar cells. The reported devices containing this polymer were prepared from a soluble precursor polymer synthesized via the dithiocarbamate prescursor route. The bulk heterojunction photovoltaic devices using PCBM as acceptor showed a short-circuit current up to 4 mA/cm2 and a open-circuit voltage of 0.35 V under AM 1.5 white light illumination. Power conversion efficiencies of around 0.6% were reported.9 In this report we use two soluble PTVs (BOP-PTV and C8-PTV). Due to the better processing capacities better solar cell performance is anticipated.

Description of the work carried out during the visit

1.1. Transport properties of C8-PTV and BOP-PTV
Besides suitable energy levels these two new donor materials should posses appropriate charge carrier transport properties. To test whether this is the case hole only devices have been made resulting in a hole mobility of 3 x 10-9 m2/Vs for BOP-PTV and 5 x 10-9 m2/Vs for C8-PTV, which is slightly lower as compared to the hole mobility of 3 x 10-8 m2/Vs for P3HT,16 but nevertheless encouraging when compared to other novel low band gap donors (Figure 3). Combined with the good transport properties of PCBM no space charge effects are expected, at least for moderately thick films, similar to those used in MDMO-PPV:PCBM blends.
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Figure 3. Current density versus voltage, corrected for built in voltage and series resistance of a BOP-PTV and C8-PTV hole only device. Data (symbols) is fitted (line) using a space charge limited current with a field dependent mobility.

1.2. Cyclic Voltammetry

The cyclic voltammetry data for BOP-PTV and C8-PTV are not yet available. In table 1 the HOMO and LUMO levels of previously synthesized comparable PTV derivatives are presented. There is a high similarity for dibutylphenyl-PTV with BOP-PTV and for C6-PTV with C8-PTV. From the table the low band gap character of these comparable polymers is evident. The small differences between the optical and electrochemical band gaps are a result of the fact that during the electrochemical measurements the electrolyte ion transport through thin films of conjugated polymers with apolair alkyl side groups is somewhat restricted, leading to the requirement of a small overpotential. It should be noted that the optical characterization of BOP-PTV and C8-PTV has revealed that also these polymers posses a low optical band gap which is comparable to the polymers presented inTable 1 (vide infra).

	
	HOMO (eV)
	LUMO (eV)
	Electrochemical

Band gap
	Optical 

Band gap

	dibutylphenyl-PTV 
	-5.24
	-3.26
	1.98
	1.8

	C6-PTV
	-5.17
	-3.24
	1.93
	1.7


Table 1. The HOMO and LUMO energy levels, the electrochemical band gap and the optical band gap.15
1.3. Solar cells

Solar cells were made by sandwiching the conjugated polymers in between an ITO/PEDOT:PSS anode and a samarium/aluminum cathode. The best obtained performance for bulk heterojunction solar cells with BOP-PTV or C8-PTV as donor polymer and PCBM as acceptor material are depicted in figure 4 and table 1. For a 1:4 BOP-PTV:PCBM solar cell spincoated from chloroform the highest achieved efficiency is 0.80 %. This cell has an open circuit voltage (Voc) of 0.67 V and fill factors of 60% and higher for films with a thickness of more than 200 nm, indicating good charge transport properties of the blend. For a 1:4 C8-PTV:PCBM solar cell spincoated from ortho dichlorobenzene the highest achieved efficiency is 0.92 %. The open circuit voltage (Voc) of C8-PTV is 0.47 V, this is 0.2 V less compared to BOP-PTV. This difference in Voc is most likely origrinates from the differences in the HOMO levels of both polymers (cf. Table 2). Apparently, the introduction of phenyl substituents results in a lowering of the HOMO energy level, which translates itself in a larger Voc. The difference in short circuit currents can be explained by the differences in absorption of both films, which will be discussed in the next section. Notwithstanding, the short circuit currents (Jsc) are inferior compared to model systems, which results in the observed efficiencies below 1.0 %.. 

	
	Voc (V)
	Jsc (A/m2)
	Efficiency (%)

	1:4 C8-PTV:PCBM
	0.47
	52.8
	0.92

	1:2 BOP-PTV:PCBM
	0.67
	18.3
	0.80


Table 2. Solar cells performance for BOP-PTV and C8-PTV:PCBM.
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Figure 4. Current density versus voltage of selected BOP-PTV and C8-PTV:PCBM solar cells under illumination of a 1000 W/m2 simulated solar spectrum.

1.4. Absorption

To understand the moderate efficiencies for these new narrow band gap polymers, the absolute absorption in thin film has been determined. To this end thin films of P3HT, BOP-PTV and C8-PTV were prepared from the same solvent, i.e. chloroform. After measuring the film thickness, the absolute absorbance as a function of the wavelength can be readily determined (Figure 5). Furthermore, the optical band gap can be derived from the low energy side tangent to the (-(* transition. The band gap and the absolute absorptivity in a thin film are presented in table 3.
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Figure 5. The absolute absorbance in function of the wavelength for spincoated films of P3HT, BOP-PTV and C8-PTV.

	
	Thin film absolute absorptivity

(cm-1)
	Solution extinction coefficient

(M-1 cm-1)
	Optical band gap (eV)

	BOP-PTV
	20135
	10453
	1.78

	C8-PTV
	50998
	4240
	1.70

	P3HT
	118334
	8000
	1.90


Table 3. Thin film absolute absorptivities, solution extinction coëfficients and optical band gaps of BOP-PTV, C8-PTV and P3HT.
The moderate short circuit currents (Jsc) of BOP-PTV and C8-PTV compared to P3HT can be understood in terms of the absolute absorption maximums. Since the investigated low band gap polymers have the same backbone, the band gap will depend to a large degree on the rotational disorder around the single bonds between the monomeric units and to a lesser degree probably also on the nature of the side groups.10 The orbital overlap (and hence Eg varies approximately with the cosine of the twist angle (θ),11 so that any departure from coplanarity will result in an increase of Eg and a blue shift of the absorption. Potentially, the deviation from planarity is increasing from C8-PTV to BOP-PTV due to the bigger steric hindrance of the disubstition of the thiophene unit with octylphenyl groups as compared to monosubstitution with an octyl group. However, from Table 3 it can be seen that these polymers have almost the same optical band gap, with the band gap of BOP-PTV indeed being slightly wider. This small difference indicates that the average dihedral angle is not very different for both polymers. Notwithstanding, it can be anticipated that sterically demanding substituents will increase the likelihood of larger streric defects (twists and bends) in the polymer chain. When these defects occur at distances further apart than circa 10 repeating units, no effect on the band gap can be expected (in agreement with the observations). On the other hand the resulting disorder will effect the conjugation significantly and can potentially result in a lowering of the absorptivity. In this case, this would lead to a lower absorptivity for BOP-PTV as compared to C8-PTV. This is in agreement with our observations in figure 5. Interestingly, also the extinction coefficients in solution of both polymers have been determined and an opposite behavior is found with the extinction coefficient of BOP-PTV being higher than the one found for C8-PTV. Apparently, the sterically demanding side groups have a large impact on the density and packing in polymer films and as a result the C8-PTV exhibist a better absorptivity in thin film. In contrast, in solution no packing effects are observed, thus explaining the opposite behavior. It is notworthy that the absorptivity of P3HT in a thin film is higher due to the structural order and even crystalline character of these films.

1.5. Experimental

1.5.1. Methods

Ultraviolet visible (UV-Vis) spectroscopy was performed on a VARIAN CARY 500 UV-Vis-NIR spectrophotometer (interval: 1 nm, scan rate: 600 nm/min, continuous run from 200 to 800 nm). Electrochemical properties were measured with an Eco Chemie Autolab PGSTAT 20 Potentiostat/Galvanostat using a conventional three-electrode cell (electrolyte: 0.1 mol/L TBAPF6 in anhydrous CH3CN) with an Ag/AgNO3 reference electrode (0.01 mol/L AgNO3, 0.10 mol/L TBAPF6 and CH3CN), a platinum counter electrode and an Indium-Tin Oxide (ITO) coated glass substrate as working electrode. Cyclic voltammograms were recorded at 50 mV/s under N2 atmosphere. All electrochemical potentials have been referenced to a known standard, ferrocene/ferrocinium, which is estimated to have an oxidation potential of -4.98 V vs. Vacuum.

1.5.2. Device preparation

All devices were made on pre-patterned ITO/Glass samples supplied by Philips. After a standardized cleaning procedure in a wet station, a layer of PEDOT:PSS (Poly(3,4-ethylenedioxythiophene) doped with Poly(styrenesulfonate) was spin coated on top of the ITO . This layer has a thickness of 50 to 60 nm. The aqueous PEDOT:PSS solution (CLEVIOS P VP AI 4083 by H.C. Starck) was spin coated in exactly the same way for each substrate (10 seconds at 500 rpm followed by 50 seconds at 1500 rpm).
On top of the PEDOT:PSS, a layer of either BOP-PTV or C8-PTV was spin coated inside the glovebox. Table 4 shows the spin procedures and concentrations for both precursor polymers.

	Polymer
	solvent
	conc.

mg/ml
	Spin programme

(lid ,speed (rpm), acceleration (rpm/s),time (s))

	BOP-PTV 
	CHCl3
	15
	Close, 300 , 500, 4

Close, 500, 500, 60

Open, 500, 500, 30

	C8-PTV
	ODCB
	10
	Open, 300, 100, 120

Open, 800, 200, 30


Table 4. Utilized spin coating procedures and concentrations for both polymers.

Finally, as a cathode, a metal top contact was evaporated, consisting of 5 nm samarium with 100 nm aluminum on top.

1.5.3. Device measurements

All measurements were performed in a glove box, under nitrogen atmosphere. Current versus voltage characteristics were determined using a Keithly 2400 Source meter. The device current was registered using a Labview program, while sweeping a voltage across the device, going up from 0 V to a positive voltage, then down to -2 V and up again to 0 V. The thicknesses of all spin coated polymers, including the PEDOT:PSS were determined using a Dektak 6M Stylus Profiler.
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Description of the main results obtained
In this report we introduce two soluble low band gap PTVs (BOP-PTV and C8-PTV). Due to the better processing capacities we have a better solar cell performance than for the unsubstituted PTV. It is demonstrated that these narrow band gap polymers have a sufficiently high hole mobility. Notwithstanding, the short circuit currents (Jsc) are still inferior compared to model systems resulting in low efficiencies. The moderate short circuit currents (Jsc) of BOP-PTV and C8-PTV compared to P3HT can be explained by their low absorptivity in thin films. There should still be quite some room for improvements for this class of materials by manipulation of the side groups. It can be expected that the incorporation of side groups inducing a smaller deviation of the planarity and a better packing, will result in polymers with a lower band gap and, more importantly, a higher thin film absorptivity.
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